A droplet deposited or impacting on a superhydrophobic surface rolls off easily, leaving the surface dry and clean. This remarkable property is due to a surface structure that favors the entrainment of air cushions beneath the drop, leading to the so-called Cassie state. The Cassie state competes with the Wenzel (impaled) state, in which the liquid fully wets the substrate. To use superhydrophobicity, impalement of the drop into the surface structure needs to be prevented. To understand the underlying processes, we image the impalement dynamics in three dimensions by confocal microscopy. While the drop evaporates from a pillar array, its rim recedes via stepwise depinning from the edge of the pillars. Before depinning, finger-like necks form due to adhesion of the drop at the pillar's circumference. Once the pressure becomes too high, or the drop too small, the drop slowly impales the texture. The thickness of the air cushion decreases gradually. As soon as the water-air interface touches the substrate, complete wetting proceeds within milliseconds. This visualization of the impalement dynamics will facilitate the development and characterization of superhydrophobic surfaces.
M
any surfaces in nature, including several plant leaves (1) , legs of the water striders (2) , and the wings of some insects (3, 4) are superhydrophobic. They display apparent contact angles with water greater than 150°and low contact angle hysteresis (1) (2) (3) (4) . Tilting a superhydrophobic surface by a few degrees is already sufficient for a drop to overcome adhesion, roll off, and remove dirt (1) (2) (3) (4) . This has stimulated extensive research to design artificial superhydrophobic surfaces. A variety of techniques are developed, often stimulated by mimicking natural surfaces (5) (6) (7) (8) (9) (10) . Prospective applications include self-cleaning and antifouling surfaces (1, 4, 6, 11) and textiles (12, 13) , membranes for oil-water separation (14) , and drag reduction in microfluidics (15) . Superhydrophobic coatings can enhance (16) or reduce (17) adsorption of cells or proteins. Minute amounts of proteins or biomolecules can be deposited on arrays of micropillars, offering promising routes to sensitive high-throughput analysis on laboratory-on-chip benches (18) . Patterned superhydrophobic coatings provide new strategies to guide drops (19) or to tune drop adhesion (20) . Nanocrystals can be deposited (21) and grown (22) on the tips of a micropillar arrays. For all these applications, the robustness of a coating against complete wetting is crucial.
To fabricate a superhydrophobic surface, two key features are required: a low surface energy of the material and a topography with roughness on the nanoscale and microscale. In this case, air can be entrained when placing a sessile drop on top, which leads to the low adhesion. In this so-called Cassie or fakir state, the drop rests on top of the asperities of the rough substrate (Fig. 1B) . As proposed by Cassie and Baxter (23, 24) , a water drop on a partially wetted surface should adopt an apparent contact angle θ app given by the weighted sum cosθ app = f cosθ − (1 − f) (15, (24) (25) (26) (27) . Here, f denotes the fractional area of contact of water with the solid. θ is the contact angle on a flat surface of the same material. In the following, we distinguish between the macroscopically observed apparent contact angle and the material contact angle. The apparent contact angle is the one observed by eye or with a lowresolution microscope. It relates to a length scale much larger than the microstructures forming the superhydrophobic layer, thus typically larger than 10 μm. The material contact angle is the contact angle formed by the liquid on a smooth surface. It is derived by extrapolating the liquid shape on the 10 nm to 2 μm scale to the interface. The actual materials contact angle at the contact line θ CL has to be between the advancing and receding ones: θ rec ≤ θ CL ≤ θ adv . The Cassie state competes with the Wenzel (impaled) state, in which the drop follows the topography of the surface and no air is entrapped (28, 29) . The apparent contact angle in the Wenzel state can be almost as high as the one in the Cassie state (30) . However, the two wetting states differ in the contact angle hysteresis, which is much lower in the Cassie state (31) . Because the Cassie state minimizes the adhesion and the roll-off angle, the term Cassie state is often used as synonym for superhydrophobicity (14) .
The Cassie-to-Wenzel transition can be triggered by vibrations (32), squeezing (10), impact (33) , rapid deceleration (34), application of an electric field (35), or evaporation (33, (36) (37) (38) (39) . Different impalement scenarios have been discussed. For situations in which inertia is negligible, the two most important ones are depinning and sagging (31, (34) (35) (36) (38) (39) (40) (41) (42) (43) . In depinning, the three phase contact line, or briefly contact line, unpins from the edge of the asperity (37) . Then the contact line slides down the pillar wall, beginning the transition to a fully wetted state. In the sag mechanism, the underside of the liquid surface sags until it reaches the substrate (36) . The Cassie-to-Wenzel transition takes place as soon as the lowest point of the meniscus touches the bottom surface (31, 40) . To simplify the discussion, we discriminate between the "contact line" on the microscopic and the "rim" on the macroscopic length scale.
Despite well-defined model systems, the transition dynamics is still poorly understood due to difficulties in monitoring the temporal evolution of the air cushion and the liquid-air meniscus between the asperities with sufficient special resolution (44) . Even the timescale of the impalement transition remains unclear. So far, most detailed information was obtained by highspeed video microscopy (18, 40) and scanning electron microscopy (18, 25) . However, neither of these techniques provides quantitative 3D information. Detailed insight in the transition dynamics would sharpen the fundamental understanding of superhydrophobicity and be constitutive to optimize the robustness of superhydrophobic coatings. Here, we study the Cassie-toWenzel transition of water drops evaporating on arrays of hydrophobic micropillars (Fig. 1A) . The transition dynamics and especially the evolution of the thickness of the air cushions are monitored by laser scanning confocal microscopy (briefly confocal microscopy). The shape of the water-air cushion interface between the pillars and up to 200 μm above the substrate is imaged. Thus, we can measure both the macroscopic contact angle and the variation of the microscopic angle at the pillars. By varying the geometry of the substrate, we observe the impalement transition in both depinning and sagging modes. 
Results and Discussion
Cassie-to-Wenzel Transition. A fluorescently labeled water drop is left to evaporate on a labeled array of poly(dimethylsiloxane) (PDMS) pillars (Fig. 1) . The superposition of the fluorescence and reflection images accurately depicts the morphology of the water-air and pillar-air interfaces ( Fig. 1 C and D) . Vertical sections of a drop in the Cassie state (Fig. 1C) show two wellseparated horizontal reflections between neighboring pillars. They result from light reflected at the PDMS-air and air-water interfaces. The space in between (black regions) is filled with air. The height difference of the two reflections denotes the thickness of the air cushion. As water evaporates, the apparent contact angle decreases. The rim is pinned and the drop remains in the Cassie state (Fig. 1E) . Only when the apparent contact angle reaches θ app = 128°, the drop suddenly wets the space between the pillars (Movie S1). The absence of reflection, supported by the fluorescence images of water and PDMS, proves the complete wetting of pillars, without entrained air (Fig. 1D) .
The Cassie-to-Wenzel transition is accompanied by a decrease of the apparent contact angle by 3°. The rim jumped outwards so that the volume of the drop, V, was conserved. Assuming a spherical cap shape with radius R, the contact radius is as follows (Fig. S1 ):
A jump of θ app from 128°to 125°leads to an increase of b by 4.7%. The actual rim of the drop resembles an octagon with rounded edges (28) . The maximum radius of the contact area jumps from 960 to 1,000 μm. This increase of 4.2% is close to the calculated value. The contact line remains pinned during further evaporation, while the contact angle decreases continuously.
Sag Impalement. To analyze the kinetics of the Cassie-to-Wenzel transition in more detail, we use microarrays with larger height and spacing between the pillars. Although PDMS pillars are frequently used (33) , high PDMS pillars easily deform under capillary forces. Therefore, we use stiffer SU-8 pillars for these experiments. Fig. 2 shows a typical drop in the Cassie state. Because we did not fluorescently label the water in this case, the surface of the drop is detected from reflections. The almost spherical drop rests on 37 pillars. More than 100 horizontal sections of the reflection of light vertically spaced by 0.25 μm are combined in a 3D image (Fig. 2B) . The mean curvature of the drop 1/R is governed by the Laplace pressure P = 2γ/R, where γ = 72 mN/m is the surface tension of water. Flattening of the drop by gravity is small because the radius of the drop R < 1 mm is much smaller than the capillary length of 2.7 mm.
To quantify the decreasing thickness of the air cushion h air during evaporation, we extracted contour plots of the water-air interface (Fig. 2C) . The variation of h air along the main axis and the diagonal is included (Fig. 2D) . The lowest height h min is located at the center of each square, whereas a saddle point is formed along the main axis. The minimum of h air along the main axis is almost 2 μm higher than the minimal height of the air cushion along the diagonal. From the respective variation of h air , the contact angle of water at the contact line θ CL can be derived (Fig. S2) . It is maximal along the diagonal. This is the material contact angle, which can vary in the range θ rec − 908 ≤ θ CL ≤ θ adv according to Gibbs' criterion, if measured from the vertical (28) . In this case θ CL = 106°just after deposition of the drop. As evaporation proceeds, the curvature of the drop decreases and the Laplace pressure increases. The Laplace pressure of the drop is extracted from the mean curvature of the surface by fitting the water-air interface coordinates with a 2D function (Fig. S3) . The water-air interface below the drop sags downward, the air cushion decreases and the contact angle θ CL increases (Fig. 2 E  and F) . The water-air interface remains pinned, because the large pillar spacing prevents θ CL from exceeding the advancing material contact angle, θ adv = 115° (Fig. 2F) (44) . The evolution of the 3D shape of the water-air interface is shown in Movie S2. At the first contact of the drop with the substrate, i.e., h min = 0, the drop spontaneously wets the full surface within milliseconds. The Laplace pressure just before the transition is 250 Pa.
Depinning Impalement. With decreasing interpillar distance, it becomes more likely that θ CL exceeds its maximum value θ adv before the water-air interface touches the substrate. The snapshot in Fig. 3A shows the beginning of a depinning impalement (Movie S3). Depinning does not proceed simultaneously from all pillars but depends on detailed differences of the surface structure at the edge of the pillars. During impalement, the size of the drop and accordingly the pressure hardly change. Gradually, the curvature of the water-air interface beneath the drop increases ( Fig. 3 B and  C) . Therefore, θ CL varies between pillars. The contact line slides downward with an average speed of 0.5 μm/s until the drop touches the bottom surface and wets the whole substrate spontaneously.
This velocity corresponds to the rate at which the drop evaporates. The radius of curvature of the drop decreases at roughly 0.7 μm/s close to the transition.
Simulations of drop collapse showed that the drop tends to acquire an overall spherical shape, outside and inside the substrate, and impalement does not cause a jump of the drop rim (44) . Indeed, if impalement proceeds via depinning, it does not need not to be accompanied by a jump of the rim (Fig. 3B and Movie S3). According to our observations, the rim jumps if the receding angle of the Cassie state exceeds the advancing angle of the wetted (Wenzel) state, which depends on the height and shape of the pillars. Therefore, a jump of the contact line is more likely if the Cassie-to-Wenzel transition proceeds via sagging than via depinning.
Contact Angle Hysteresis. Finally, we discuss whether a drop in the Cassie state always shows a low contact angle hysteresis. This would imply that a surface that keeps drops in the Cassie state is superhydrophobic (37) . However, even for the array with 200-μm pillar-pillar distance ( Fig. 2 ; solid fraction f = 6%) the drops show a high roll-off angle of α = 17°(Movie S4). The reason for the high roll-off angle becomes clear when watching the rim of a drop more closely as water evaporates (Fig. 4) . Immediately after deposition, the drops are almost spherical, although pinning at the edges of a few pillars is visible (Fig. 4A) . As water evaporates, the drop depins stepwise from the top of the pillars (Movie S5). Tiny water droplets are left on the top of the pillars (18, 21) (Movie S6). The time between successive depinning events varies between <1 s and 10 min. When the bottom surface of the drop gets into contact with the substrate, the whole drop spontaneously undergoes a Cassie-to-Wenzel transition. The contact line jumps outward (Fig. 4 B and C) . Part of the air remains trapped at the backside of the pillars with respect to the flow profile (Fig. 4C  Inset) . Thus, from the position of the bubbles with respect to the pillar, the first contact can be localized. The size of the bubbles continuously decreases by diffusion through the water phase until after about 10 min the bubbles disappear.
The images show that wetting is dominated by pinning rather than thermodynamic equilibrium. The Cassie-Baxter equation cannot be valid because the drop is in a metastable state. Choi et al. (25) suggested a modified Cassie-Baxter equation to calculate the advancing and receding contact angles. Their model is based on the calculation of the local maxima and minima of the interfacial energy. For the receding contact angles on discrete pillars, the solid areal fraction is essentially replaced by the solid line fraction. Reyssat and Quéré (45) followed a geometric approach to estimate the receding contact angle, based on the equivalence of macroscopic and microscopic pinning forces.
With θ CL measured at each pillar by confocal microscopy, the apparent contact angle can be calculated from the following balance of forces: the macroscopic horizontal component of the interfacial force at the rim per unit length is F app,h = γð1 + cosθ app Þ (Fig. 4D ). This force is made up of the force of the individual pillars. Microscopically, each pillar supports a horizontal component of the pinning force of γacosθ rec at the rear side and nearly γa at the front side (for large drops θ CL ≈ 908; Figs. 2 and 3) until just before depinning. If the contact line is pinned, this leads to the following:
with respect to a movement along the main axis. With d = 200 μm, a = 50 μm, and θ rec = 85°, we get θ app = 137°. This compares well to the measured value of 135°. Our approach can take the finite size of a drop and variations of the contact line into account. The horizontal pinning force per pillar is 3.9 μN. This pinning force also provides an estimate for the roll-off angle α. Therefore, we compare the pinning force to the force caused by the weight when tilting the plate (45) . The component of the weight of the drop parallel to the surface is F k = V ρ g sin α.
Setting both forces equal leads to a roll off angle α of the following:
Here, n is the numbers of pillars holding the drop. With a drop volume V = 6 μL, the roll-off angle is α = 4°for n = 1 and 19°for n = 5. The latter is more plausible for a drop of this size (Figs. 2  and 3 ), hinting that for larger drops the roll-off angle is affected by simultaneous depinning from several pillars. Consequently, a stable Cassie state and a high apparent contact angle do not necessarily imply a low roll-off angle and superhydrophobicity.
Conclusions
We image the collapse of the Cassie state for a series of model surfaces. By confocal microscopy, details of the impalement dynamics are resolved. In particular, the evolution of the thickness of the air cushion can be recorded in three dimensions. Depending on the geometry, impalement can extend over several minutes. The downward velocity of the meniscus is related to the evaporation rate. When the drops recede, we observe single depinning events and the formation and the breakage of fingerlike necks. Calculated apparent receding contact and roll-off angles agree well with the measured data. We expect that confocal microscopy will become a standard technique to characterize superhydrophobic surfaces, because this time-resolved 3D information can be gained for every transparent substrate
Materials and Methods
Lithography. Microarrays consisting of flat-top cylindrical pillars made of PDMS (Fig. 1A) and rectangular pillars made of SU-8 photoresist (Fig. 2 A and  B) were fabricated using lithography (SI Materials and Methods). Both were arranged on glass in a square lattice of center-to-center distance d. Inset and 2 A and B). The surface of the SU-8 pillars was coated with a semifluorinated silane to decrease the surface energy. Advancing and receding contact angles for water on flat parts of the surface were θ adv = 112 ± 2°, θ rec = 70 ± 10°on PDMS, and θ adv = 118 ± 2°, θ rec = 85 ± 5°on SU-8. Hydrophobic perylenemonoimide dye (PMI) (emission maximum at λ PMI = 540 nm) was added to un-cross-linked PDMS or SU-8 (28) . Water-soluble perylenediimide (WS-PDI) was used to dye the water because of its negligible interfacial activity.
Laser Scanning Confocal Microscopy. To visualize the Cassie and Wenzel state and to record the impalement dynamics, we deposited 7-μL water drops on the micropatterned surfaces (Fig. 1B) . The confocal microscope used (Leica TCS SP5 II -STED CW) has five detectors with adjustable spectral regions, which allowed us to simultaneously measure fluorescence from water and PDMS or SU-8, as well as the reflected light from the interfaces ( Fig. 1 C and  D) (28) . To verify that the results are not influenced by the dye (46, 47) , some measurements were repeated with pure water in reflection mode. A dry objective (40×/0.85) was used because it allows to accurately measure the optical path length in air, i.e., the thickness of the air cushion. The image resolution was about 0.25 and 1.0 μm in the horizontal and vertical directions, respectively, except for areas closer than about 0.1d to the edges of the pillars. The coordinates of the water-air interface are extracted by fitting reflection or fluorescence profiles along the z axis with a Gaussian or sigmoidal function, respectively, with accuracy better than 0.3 μm. 
